Burkholderia glumae is an emerging plant-pathogenic bacterium that causes disease in rice in several of the major riceproducing areas throughout the world. In the southern United States, B. glumae is the major causal agent of bacterial panicle blight of rice and has caused severe yield losses in recent decades. Despite its importance, few management options are available for diseases caused by B. glumae, and knowledge of how this pathogen causes disease is limited. In an effort to identify novel factors that contribute to the pathogenicity of B. glumae, random mutagenesis using the miniTn5gus transposon was performed on two strains of B. glumae. Resultant mutants were screened in the laboratory for altered phenotypes in various known or putative virulence factors, including toxoflavin, lipase and extracellular polysaccharides. Mutants that exhibited altered phenotypes compared to their parent strain were selected and subsequently characterized using a PCR-based method to identify the approximate location of the transposon insertion. Altogether, approximately 20 000 random mutants were screened and 51 different genes were identified as having potential involvement in the production of toxoflavin, lipase and/or extracellular polysaccharide. Especially, two regulatory genes, ntpR and tepR, encoding a LysR-type transcriptional regulator and a s 54 -dependent response regulator, respectively, were discovered in this study as new negative regulatory factors for the production of toxoflavin, the major phytotoxin synthesized by B. glumae and involved in bacterial pathogenesis.
INTRODUCTION
Burkholderia glumae is the major causal agent of bacterial panicle blight of rice, a disease that is characterized by panicle discoloration and spikelet abortion/sterility [1, 2] . This disease is typically associated with prolonged hot weather and high night temperatures during the reproductive stages, conditions that usually occur in the rice-producing areas of the southern United States in which outbreaks of bacterial panicle blight during the last 20 years have resulted in severe yield losses [1] [2] [3] . Despite the importance of this disease, complete resistance for this disease has not been reported, and only a few partially resistant rice varieties have been identified in the southern United States [4] . Oxolinic acid has been used for controlling B. glumae; however, it is not available for use in many countries, including the United States [1] . In addition, strains of B. glumae resistant to oxolinic acid have been reported [5, 6] , which suggests the potential limitation of this chemical in disease management.
B. glumae has been reported to cause disease in rice in a number of rice-producing areas throughout the world, including Korea [7] , Japan [8] , Southeast Asia [9, 10] , Latin America [11] , the United States [2] and, most recently, In spite of these pieces of information about the bacterial virulence of B. glumae, our understanding of the virulence mechanism(s) causing bacterial panicle blight is still limited. Thus, increased knowledge of B. glumae virulence factors and their regulatory mechanisms will contribute to a greater understanding of this pathogen and how it is able to cause disease, and will help to identify targets for the development of effective disease management strategies. Transposon mutagenesis using various transposable elements is a useful technique that, when combined with the generation and characterization of various transposon-inserted mutants, can assist in the identification of genes involved in virulence or in the production or regulation of various phenotypes. Using this technique, for example, a novel transcriptional regulator for flagella formation, QsmR, was identified in B. glumae [16] ; a novel LysR-type transcriptional regulator, ShvR, that influences QS, virulence and several virulencerelated phenotypes, was identified in the human pathogen Burkholderia cenocepacia [18] ; and several novel pathogenicity factors were identified in the sugarcane pathogen Xanthomonas albilineans [19] .
In order to identify novel genetic elements involved in the production and regulation of toxoflavin, lipase and extracellular polysaccharide (EPS) production in B. glumae, transposon mutagenesis with the miniTn5gus transposon was performed to generate B. glumae mutants that produced altered phenotypes in the production of these known or putative virulence factors. In this study, we identified 51 genes that may be involved in toxoflavin, lipase or EPS production in B. glumae. In particular, we report here two novel regulatory genes, ntpR and tepR, which negatively regulate the production of toxoflavin.
METHODS

Bacterial strains and growth conditions
Bacterial strains used in this study (Table 1) were routinely recovered from storage in 30 % (w/v) glycerol at À70 C and grown in an incubator at 30 C or 37 C or at room temperature in King's B (KB) agar [20 g peptone, 1.5 g MgSO 4 .7H 2 O, 1.5 g K 2 HPO 4 , 15 ml glycerol and 18 g agar in 1000 ml distilled deionized water (ddH 2 O)] or in Luria-Bertani (LB) agar [25 g LB Miller broth (Fisher Scientific) and 18 g agar in 1000 ml ddH 2 O] or at 37 C on a shaker at 200 r.p.m. in LB broth (25 g LB Miller broth in 1000 ml ddH 2 O). LB medium was supplemented with kanamycin (Km: 50 µg ml
À1
) when appropriate, to aid in the selection of strains that had been transformed with vectors conferring antibiotic resistance and to confirm validity of strains conferring resistance during recovery from freezer storage.
Molecular cloning techniques
Molecular cloning techniques were performed following standard methods unless otherwise specified [20] . The DNA oligonucleotides used in this study are listed in Table 2 .
DNA extraction, PCR product purification and sequencing Genomic DNA (gDNA) was extracted from overnight cultures of B. glumae strains grown in LB broth using the GenElute Bacterial Genomic DNA Extraction kit (SigmaAldrich). PCR products were purified using the QuickClean 5M PCR Purification Kit (GenScript). When necessary, the quality and concentration of gDNA or purified PCR products were determined and measured using a NanoDrop ND-100 Spectrophotometer (NanoDrop Technologies). DNA sequencing by Sanger's method was performed by the Louisiana State University School of Veterinary Medicine's GeneLab, Macrogen or Macrogen USA.
PCR and electrophoresis
PCRs were performed in a DNA Engine Peltier thermal cycler (Bio-Rad Laboratories). Electrophoresis of PCR products or restriction enzyme-digested DNA was performed on 1 % (w/v) agarose gels under standard electrophoresis conditions in 1Â Tris/borate/EDTA buffer [20] . Agarose gels contained ethidium bromide for visualization of PCR Restriction enzyme digestion and ethanol precipitation of products for mutant characterization Approximately 1 µg of gDNA from each mutant strain was digested with the restriction enzyme NlaIII or PstI (New England Biolabs) in a 50 µl total reaction volume following the manufacturer's instructions. Five microlitres of each digested sample were electrophoresed on a 1 % (w/v) agarose gel in Tris/borate/EDTA buffer to determine if the digestions were successful. gDNA samples in which digestion was successful were subsequently ethanol precipitated. Briefly, 4.5 µl (0.1 vol.) 3 M sodium acetate and 90 µl (2 vols) 95 % (w/v) ethanol were mixed with 45 µl digested gDNA and then incubated overnight at À20 C. Following incubation, samples were centrifuged at 12 000 r.p.m. for 20 min at 4 C, and the dried pellet was then resuspended in 25 µl sterile ddH 2 O.
Random mutagenesis
Random mutagenesis of B. glumae with miniTn5gus was conducted on the virulent strain 336gr-1 or LSUPB22, a spontaneous nalidixic acid-resistant mutant derivative of 336gr-1 (Table 1) , through biparental mating with a strain of Escherichia coli containing miniTn5gus, S17-1lpir (pUT :: miniTn5gus), following a previously established method [21] . MiniTn5gus mutant derivatives of 336gr-1 and LSUPB22 were selected on LB agar amended with the appropriate antibiotics: Km for selection of miniTn5gus-containing mutants, nitrofurantoin (100 µg ml
À1
) for selection of B. glumae 336gr-1 and nalidixic acid (20 µg ml
) for selection of B. glumae LSUPB22.
Screening for mutants showing altered phenotypes
The resultant random mutants were screened on KB agar and on LB agar amended with 0.2 % (w/v) Tween-20 for mutants that exhibited altered phenotypes in the production of toxoflavin and EPS and of lipase, respectively. Mutants showing an altered phenotype in toxoflavin production compared to the parent strain were screened based on the intensity of the yellow colour (the colour of toxoflavin) produced by each colony on KB agar (Fig. S1 , available in the online Supplementary Material). Altered phenotypes in EPS production were determined based on the apparent glossy or mucoid phenotype of each bacterial colony grown on KB agar (Fig. S2) . Lipase activity of the mutants was evaluated based on the size of the sheen area produced around each bacterial colony on LB agar amended with 0.2 % (w/v) Tween-20 ( Fig. S3) [22] . The altered phenotypes of the primarily screened mutants were confirmed through direct comparison with the parental strain (336gr-1 or LSUPB22) on new media. Mutants whose altered phenotypes were confirmed were assigned LSUPB (denoting Louisiana State University Phytobacteriology) numbers and stored in 30 % (w/v) glycerol at À70 C for future analysis.
Identification of genomic sequences containing miniTn5gus insertions
The approximate location of each transposon insertion in each of the selected mutants was identified using a PCRbased method [23] . Detailed procedures for the 
Quantification of toxoflavin
Toxoflavin production by B. glumae in solid or liquid medium was quantified following previously established methods [7, 17, 24] . The relative amount of toxoflavin was determined by measuring the optical density at 258 or 260 nm [24, 25] .
Generation of a markerless tepR deletion mutant (DtepR) A markerless deletion mutant of the s 54 -dependent response regulator gene (corresponding to bglu_1g09700 in the B. glumae reference genome, BGR1), denoted DtepR and named LSUPB401, was developed utilizing a method that uses a pKNOCK vector derivative, pKKSacB, containing a kanamycin resistance gene and the sacB gene for sucrose sensitivity [17] . The detailed procedures for the deletion mutation are described in the Supplementary Material.
Complementation of the DtepR mutant
For genetic complementation, pBB-5-tepR, a DNA construct that contains a functional copy of tepR (Table 1) , was introduced into LSUPB401 through triparental mating following a previously established method [26] . The detailed procedures for generating pBB-5-tepR are described in the Supplementary Material.
Statistical analysis
Toxoflavin quantification data were analysed using the PROC MIXED procedure with Tukey's post hoc tests and the Saxton macro in SAS version 9.3 or 9.4 (SAS Institute) [27] .
RESULTS
Screening of mutant derivatives exhibiting altered phenotypes in virulence-related functions Eighty-five mutant derivatives showing altered phenotypes in toxoflavin, lipase or EPS production compared to the parent strain (336gr-1 or LSUPB22) were selected from over 20 000 screened mutant derivatives and assigned strain names (Table 3) . Some mutants were observed and recorded to have multiple phenotypes of various combinations (Table 3) . Considering each phenotype individually, 56, 18 and 40 mutants were recorded as having altered phenotypes in toxoflavin, lipase and EPS production, respectively. Of these, 35, 4 and 10 mutants were reported to have increased toxoflavin, lipase and EPS production compared to the parent strain, respectively, while 21, 14 and 30 mutants were recorded to have decreased toxoflavin, lipase and EPS production compared to the parent strain, respectively (Table 3) . In a control experiment, there was no observable natural variation among ca. 5000 colonies of B. glumae 336gr-1, indicating that the altered phenotypes of the mutants are likely due to transposon insertion (data not shown).
Characterization of the toxoflavin-related mutants Some mutants having insertions in predicted regulatory genes exhibited increased toxoflavin production based on the intensity of yellow colour (the colour of toxoflavin) in the medium surrounding the bacterial colony, suggesting their negative regulatory roles in toxoflavin production (Table 3 ). These putative regulatory factors include a MarR-family transcriptional regulator (bglu_1g00450/ ACR27250.1: LSUPB33), a LysR-family transcriptional regulator (bglu_1g06960/ACR27889.1: LSUPB43, LSUPB48, LSUPB56, LSUPB57 and LSUPB73) and a s
54
-dependent response regulator (bglu_1g09700/ACR28150.1: LSUPB92, LSUPB107, LSUPB132 and LSUPB422) ( Table 3 ).
In addition, nine mutants that exhibited increased toxoflavin production (LSUPB46, LSUPB47, LSUPB50, LSUPB101, LSUPB104, LSUPB105, LSUPB126, LSUPB127 and LSUPB131) and one toxoflavin-deficient mutant (LSUPB130) were found to have miniTn5gus insertions in the tofI/tofR QS locus [7] (Table 3) . Other disrupted genes identified from toxoflavin-deficient mutants include the toxoflavin transport gene, toxH (LSUPB74), and genes for a putative ABC transporter (LSUPB44 and LSUPB49) and a tetrapyrrole methylase-family protein (LSUPB35 and LSUPB36) ( Table 3) .
Quantification of toxoflavin production by selected ntpR mutants
The gene for a LysR-family transcriptional regulator, which corresponds to bglu_1g06960 of B. glumae BGR1, was identified from multiple mutants that exhibited increased toxoflavin production compared to their parent strains (Table 3 and Fig. 1a) . Increased toxoflavin production was observed with all five mutants initially identified to have a miniTn5gus insertion within or near bglu_1g06960 (LSUPB43, LSUPB48, LSUPB56, LSUPB57 and LSUPB73). Based on the increased toxoflavin phenotypes shown by the tested mutants, this gene (bglu_1g06960) was named ntpR (negative regulator of toxoflavin production LysR).
Among the five mutants of ntpR, LSUPB43, LSUPB48 and LSUPB57 were chosen for further testing to confirm the phenotype in toxoflavin production (Figs 1b and S1 ). LSUPB73, which has the miniTn5gus insertion upstream of bglu_06960, and LSUPB56, which is considered to be a sibling of LSUPB57, were excluded in the follow-up tests for phenotype validation. Among the three mutants tested, LSUPB48 essentially lost its function to produce toxoflavin and produced significantly less toxoflavin than its parent strain (Figs 1b and S1 ). Nevertheless, both LSUPB43 and LSUPB57 produced significantly more toxoflavin compared to their parent strains, LSUPB22 and 336gr-1, respectively (Figs 1b and S1 ). The reason for the lost †The assigned LSUPB name and any other arbitrary nicknames for convenience (provided in parentheses) assigned to these mutant strains are provided. ability of LSUPB48 to produce toxoflavin might be due to a secondary mutation caused by a possible detrimental effect of increased toxoflavin production on bacterial survival.
Quantification of toxoflavin production by tepR mutants and confirmation of the tepR phenotype In the case of the gene for a s
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-dependent response regulator, bglu_1g09700, three mutants each with the same miniTn5gus insertion near the beginning of the coding sequence (LSUPB107, LSUPB132 and LSUPB422) produced less toxoflavin than the parent strain, but another mutant with a miniTn5gus insertion further downstream within the same coding sequence (LSUPB92) produced more toxoflavin than the parent strain (Table 3, Fig. 2a) . The former three mutants also exhibited EPS-deficient phenotypes (Table 3) . A subsequent quantification assay confirmed the increased toxoflavin production by LSUPB92 compared to the parent strain, while the other three mutants exhibited reduced but not significantly different toxoflavin production compared with the parent strain in the same assay (Fig. 2b) . Based on the observed phenotypes of these mutants in the regulation of toxoflavin and EPS, this gene was named tepR (toxoflavin and eps regulator).
To determine the definitive function of tepR, a markerless tepR deletion mutant, DtepR, and its complement (containing a functional clone of tepR and its promoter region) were generated in the 336gr-1 background (Fig. S4a) . The deletion of tepR in 336gr-1 was confirmed through PCR in which the tested strain, later named LSUPB401, produced an amplicon of the expected size when tepR was not present in the B. glumae genome (Fig. S4b) . The complementation of LSUPB401 with pBB-5-tepR that contained tepR and its promoter region was confirmed through PCR (Fig. S4b) . As shown in Fig. 3 , LSUPB401 produced significantly more toxoflavin compared to 336gr-1. Toxoflavin production by LSUPB401(pBB-5-tepR), however, was not significantly different from 336gr-1, confirming the negative regulatory function of tepR (Figs 3 and S5) . Characterization of the lipase-related mutants It was relatively more difficult to screen mutants based on altered phenotypes in lipase activity on the LB agar amended with Tween-20. Quantitative differences in lipase activity initially detected among mutants were not frequently reproducible in the subsequent validation tests (data not shown). For this reason, only the mutants showing obviously less visible lipase activity could be screened with confidence. Interestingly, all of the lipase-deficient mutants that could be identified had a miniTn5gus insertion in a gene encoding part of the general secretory pathway (GSP) ( Table 3 ), indicating that the secretion of lipase(s) via this protein secretion system is a key process of this pathogen to express lipase activity detectable in this assay system. Nevertheless, it is likely that the lipase assay system used in this study is not optimal for discerning quantitative differences in lipase activity among mutants.
Characterization of the EPS-related mutants
Two mutants that exhibited highly mucoid colony morphology, LSUPB31 and LSUPB40, had miniTn5gus insertions in the putative genes for UDP-glucose 4-epimerase (bglu_1g07440/ACR27936.1) and a putative lipoprotein (bglu_1g20160/ACR29125.1), respectively (Table 3 ). Three additional mutants that exhibited increased EPS production (LSUPB42, LSUPB78 and LSUPB87) were identified as having mutations in the genes for the GSP (Table 3) . However, LSUPB125, another mutant of bglu_1g00380 encoding the GSP protein D in addition to LSUPB87, exhibited an EPS-deficient phenotype (Table 3 ). In addition, putative genes for an AraC-family transcriptional factor (bglu_2g19490/ACR32272.1: LSUPB76) and a TetRfamily transcriptional factor (bglu_2g02050/ACR30679.1: LSUPB82) were identified as potential regulators for EPS production (Table 3) . 
DISCUSSION
Through this study, 51 genes were identified as being potentially involved in toxoflavin, lipase and/or EPS production through initial sequence analysis of miniTn5gus insertion sites (Table 3) . While most transposon insertions were located in the coding region of a gene, some insertions were located upstream of a gene, upstream of two divergent genes or within a gene that was part of the same transcriptional unit. Transposon insertion in a non-coding region may affect the expression of an adjacent gene either positively or negatively.
Even though more than 20 000 random miniTn5gus insertion mutants were investigated to identify mutants that exhibited altered phenotypes in virulence-related functions, the random mutant pool used in this study likely does not cover the entire genome of B. glumae 336gr-1 (and its Nal R derivative LSUPB22) because many genes known to be involved in the virulence functions, such as structural genes for the toxoflavin biosynthesis pathway, were not identified during the initial mutant screening process. Nevertheless, a considerable number of new candidate genes involved in the virulence of B. glumae could be identified in this study and provided good target genes for further comprehensive studies.
Because these recorded mutant phenotypes were based strictly on visual observations during mutant screening, it is possible that the recorded phenotypes may not represent significant differences in phenotype production between a mutant and its parent. Phenotypic assays involving quantification of the recorded phenotype and additional mutational analyses or complementation should be conducted to confirm the phenotypes of these interrupted genes. Additional investigation as to the putative role of each of these genes in the involvement of a particular phenotype will aid in the selection of candidate genes for intensive study. Furthermore, genes that were interrupted in independent mutants and genes that encode products known to be involved in regulation should be given priority for future studies.
One of the concerns in this study was reliance on the annotated sequence data of the reference strain BGR1 for identification of the mutated genes in the U.S. strain 336gr-1. However, in a previous study, the genome sequences of BGR1 and 336gr-1 were shown to be almost identical except for the regions that contained genomic islands [28] . Most of the sequences obtained from the screened mutants could be identified using the annotated sequence of BGR1. The approximate location of the transposon insertion in only one mutant (LSUPB109) could not be identified because the obtained sequence did not match with the BGR1 sequence. Two mutants, LSUPB103 and LSUPB129, could not be identified due to two conflicting sequence results. The reason is not known. It cannot be ruled out that two insertions happened in these mutants even though the chance for that event is extremely low.
All of the mutants that had transposon insertions in the coding sequence of ntpR or tepR showed increased toxoflavin production compared to their parent strain. The identification of these putative regulatory genes from multiple independent mutants increased the likelihood that these genes are in fact novel regulators of toxoflavin production. Among the ntpR mutants, LSUPB48 lost its phenotype during the process of this study. It has been quite common that mutants showing increased production of toxoflavin or EPS lose their phenotype during storage in a glycerol stock, even at À70 C (data not shown). It is possible that the increased toxoflavin or EPS may result in some unknown detrimental effects on the bacterial cell and cause a secondary mutation that leads to the loss of the phenotype. In this study, two nptR mutants derived from two different parental strains exhibited the same phenotype (Fig. 1) . Directional mutation of ntpR through a homologous recombination with a truncated ntpR fragment, which was performed for another independent study, also resulted in increased production of toxoflavin compared to the parent strain (Melanson and Ham, unpublished data). These facts collectively indicate that ntpR is a novel negative regulator for toxoflavin production in B. glumae. Further genetic studies and functional analyses of ntpR are currently underway.
In the case of tepR, it was puzzling that three mutants in which miniTn5gus was inserted in an upstream region of the coding sequence exhibited the opposite phenotype (toxoflavin deficient) of the mutants (increased toxoflavin production) that had miniTn5gus insertions in the tepR coding sequence. It was speculated that the mutation in the upstream region may somehow enhance the transcription of the gene, causing the opposite phenotype to the null mutants. To confirm the hypothesis that tepR is a negative regulator for toxoflavin production, DtepR mutants were generated in the 336gr-1 background by performing directional mutation through the markerless deletion of the tepR coding sequence. The resultant DtepR mutants reproduced the phenotype of the null miniTn5gus mutants.
It is interesting that all of the lipase-deficient mutants identified were found to have transposon insertions in the gene cluster for the GSP. The GSP is a core component of the type II secretion system (T2SS), which is involved in the secretion of extracellular enzymes [29] . Regarding this, it is probable that the lipase activity observed in this study is dependent on the T2SS. Even though the T2SS is widely known as an important virulence/pathogenicity factor in many pathogenic bacteria [29] , the pathogenic function of this protein secretion system in B. glumae has not been studied thoroughly. Comprehensive genetic studies for the role(s) of the T2SS in pathogenesis would be desirable for a better understanding of this mechanism in B. glumae. The identification of other potential virulence factors secreted by the T2SS in B. glumae would also be beneficial for the same reason.
EPS is considered to be an important virulence factor of many plant-pathogenic bacteria [30] [31] [32] [33] . The role of EPS in the virulence of B. glumae has not yet been studied. The EPS-related mutants screened in this study provide good material for initial testing of the role of EPS in B. glumae virulence in rice. The functional relationship between EPS and other virulence factors, such as toxoflavin and various secretion systems, would also be a good research topic for better understanding of the B. glumae pathosystem. The conversion of UDP-galactose to UDP-glucose by UDPgalactose 4-epimerase has been reported to be important for EPS production and biofilm formation [34] [35] [36] . Regarding this fact, it is thought that the mutation of UDP-glucose 4-epimerase in LSUPB31 (an EPS-proficient mutant) may result in the impairment of the balance between UDP-galactose and UDP-glucose, leading to the uncontrolled production of EPS. It is perplexing that the two GSP protein D mutants, LSUPB87 and LSUPB125, exhibited conflicting phenotypes in EPS production. The D protein of the GSP is a porin-like outer membrane protein [37] . The conflicting phenotypes might be due to the different positions of miniTn5gus within the coding sequence for the D protein of the GSP in the two mutants (Table 3) . Comprehensive genetic studies are needed to determine the precise function of the GSP in the production and release of EPS as well as other virulence-related functions in this pathogen. It is also noteworthy that many toxoflavin-proficient mutants having mutations in regulatory genes, including LSUPB73, LSUPB101, LSUPB104, LSUPB105, LSUPB126, LSUPB127 and LSUPB131, exhibited EPS-deficient phenotypes (Table 3 ). This observed pattern implies that there is an inverse relation between toxoflavin production and EPS production in B. glumae.
Conclusively, numerous genes, including ntpR and tepR, were newly identified in this study as potential virulencerelated genes involved in the bacterial pathogenesis by B. glumae. The information gained in this study provides an excellent overview of potential genetic elements involved in the major virulence functions of B. glumae, and valuable background information for determining subsequent research subjects to deepen our knowledge of B. glumae and other related pathogens. 
